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Abstract
The paper describes a mathematical model on the physical prin-
ciples of the Pitot device for acquiring flows speed. The relation be-
tween speed and static pressures is derived from simple integration
of the fluid dynamics equations for an inviscid flow. In this way, the
treatment is general and is not based on the Bernoulli theorem on en-
ergy conservation, as usually done in scientific and technical literature.
The application to Formula 1 cars is discussed.
Keywords: fluid dynamics, Pitot tube, Euler equations, change of
cartesian system, Formula 1 cars.
1 About Pitot tube concepts
The Pitot tube ([1]) is a mechanical device for measuring flow velocity by
dynamic pressure. In its basic version, it has an L-shaped small channel,
with the base-segment parallel to the flow, for capturing the value of total
pressure pt = p +
1
2
ρv2, and a vertical small channel, perpendicular to the
flow direction, for acquisition of the static pressure value p of the fluid flow
where it is submerged (see Fig.1).
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The French scientist Henry Pitot defined the basic concepts of the device in
1732 ([4]), and so before the formulation of Bernoulli theorem (1738) and
Euler equations (1755) of inviscid fluid motion (see [6], pg. 48). In the usual
explanations about the principles of Pitot’s tube, the theorical results are
derived from Bernoulli theorem on energy conservation, which is valid for
every single streamlines of a flow tube ([6]).
But using computational analysis one can see that the identification of a flow
tube from the external domain to the internal of the Pitot L-channel is not
clear, and the streamlines diverge near the frontal small hole of the device or
they enter into the L-channel with vanishing speed (see Fig.2, Fig.3 and [3],
pg. 166).
Figure 1: Pitot tube with its two channels.
Figure 2: Computed streamlines near the front of the Pitot tube.
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We would show that the formula, used by Pitot, for estimating the flow
speed can be obtained from a point of view more general than the Bernoulli
theorem. We use the Navier-Stokes equations in the case of an inviscid fluid
flow, that is the Euler equations.
Figure 3: Speed field on the central surface of the pitot, from computational
simulation.
2 Using Euler equations
We need the following equations for inviscid steady flow, refered to a cartesian
system {x, y}, where p is the static pressure, ρ the fluid density and u =
(u1, u2) is the velocity field:
ρ
(
u1
∂u1
∂x
+ u2
∂u1
∂y
)
= −∂p
∂x
ρ
(
u1
∂u2
∂x
+ u2
∂u2
∂y
)
= −∂p
∂y
(1)
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We use the hypothesis that the density ρ is constant and that the speed of
fluid, inside the channels of the Pitot tube, is zero, which is a good approxi-
mation.
At first, consider the L-shaped channel. If the x-axes is defined to be parallel
to the channel, u2 = 0 and the flow becomes one-dimensional:
ρu1
∂u1
∂x
= −∂p
∂x
(2)
Let v and pe the constant speed and the static pressure of the fluid in the
domain external to the Pitot channel, and pi the static pressure in the inte-
rior. Integrating previous equation from an external point e to an internal
point i, we have
ρ
∫ i
e
u1
∂u1
∂x
dx =
1
2
ρ
[
u21,i − u21,e
]
=
= −1
2
ρv2 = − (pi − pe) (3)
so we obtain
pi = pe +
1
2
ρv2 (4)
This formula, which is the expression of the Bernoulli theorem, gives the
information that the pressure in the L-shaped Pitot channel is the sum of
static and dynamic pressure of external flow.
Let now consider the vertical channel. Computational simulations show
that the y-component u2 of the velocity field is almost everywhere null in
the region near the hole of this channel, but some significative variations in
gradient ∇u2 can occur. In this case, even if we assume u2 = 0, the second
Euler equation is
ρu1
∂u2
∂x
= −∂p
∂y
(5)
and a simple integration is not possible as in previous case. For avoiding this
problem, we use a change of cartesian coordinates system.
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3 Changing cartesian reference
Let be {X, Y } the new cartesian system by clockwise rotation of angle α of
the old {x, y}.
The transformation rules of this change of coordinates are{
x = Xcosα− Y sinα
y = Xsinα + Y cosα
(6)
The velocity vector u in the new coordinates becomes U = (U1, U2) =
(vcosα,−vsinα), and if q = q(X, Y ) = p(x(X, Y ), y(X, Y )) is the static
pressure, the Euler equations in the {X, Y } system have the form (ρ is a
constant)
ρ
(
U1
∂U1
∂X
+ U2
∂U1
∂Y
)
= − ∂q
∂X
ρ
(
U1
∂U2
∂X
+ U2
∂U2
∂Y
)
= − ∂q
∂Y
(7)
Using the fact that v is, from hypothesis, a function only of the x variable,
from chain derivation rule (see [2]) we have the following identities:
∂XU1 = ∂x(vcosα)∂Xx = cosα ∂xv cosα = cos
2α ∂xv (8)
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∂Y U1 = ∂x(vcosα)∂Y x = cosα ∂xv (−sinα) = −sinα cosα ∂xv (9)
∂XU2 = ∂x(vsinα)∂Xx = sinα ∂xv cosα = sinα cosα ∂xv (10)
∂Y U2 = ∂x(vsinα)∂Y x = sinα ∂xv (−sinα) = −sin2α ∂xv (11)
∂Xq = ∂xp∂Xx+ ∂yp∂Xy = cosα ∂xp+ sinα ∂yp (12)
∂Y q = ∂xp∂Y x+ ∂yp∂Y y = −sinα ∂xp+ cosα ∂yp (13)
4 The final Pitot formula
Now, for computing the pressure in the vertical channel, consider α = −pi
2
. In
this case, using previous transformation rules, we note that U1 = 0, ∂Y U1 = 0
and ∂Xq = −∂yp, so that the first Euler equation in (7) becomes
∂yp = 0 (14)
therefore, by integration from an external point e to an internal point i, we
have pi = pe: the pressure in the Pitot channel perpendicular to the flow is
the same as the static pressure of the external flow.
We can now find the formula for estimating the flow speed v using the
two informations obtained by the Pitot tube. Let A the value of pi registered
by the L-shaped channel and B the value registered by the other channel.
We have shown that
A = pe +
1
2
ρv2
B = pe (15)
Solving the system for v, and noting that A = pt, the final formula is
v =
√
2(pt − pe)
ρ
(16)
which is the usual Pitot expression of the flow speed (see [1], [3]).
5 Single channel Pitot tubes
In the case where there is no need of a realtime flow speed acquisition, but
only of defered measurements (e.g. values of flow rate in industrial devices as
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pumps or valves), it can be useful a more simple Pitot tube having only the
L-shaped channel. With the tube geometrically placed opposite to the flow
direction, one have the value of the total pressure pt. With the tube rotated
of an angle pi around the horizontal direction perpendicular to the flow, one
have a second value pi. What is the meaning of this pi?
Suppose the origin of the cartesian reference {x, y} is on the frontal hole
of the channel. From the tranformation laws, we have x = −X, y = −Y ,
U1 = −v, U2 = 0, ∂Xq = −∂xp. In the rotated new cartesian system {X, Y }
the first Euler equation becomes
ρU1
∂U1
∂X
= − ∂q
∂X
(17)
By integration of the first member, on the variable X, from a point +A (that
is, internal to the tube) to a point −A (that is, external to the tube), and
using the (good) approximation that there is no flow inside the channel, we
have
∫
−A
+A
ρU1
∂U1
∂X
dX =
1
2
ρ
[
U21 (−A)− U21 (+A)
]
=
1
2
ρU21 (−A) =
1
2
ρv2 (18)
For the second member, recalling that dX = −dx and using the rules of
integration by change of variable (see [2]), we have
∫
−A
+A
− ∂q
∂X
dX =
∫
+A
−A
∂p
∂x
(−dx) =∫
−A
+A
∂p
∂x
dx = p(−A)− p(+A) = pe − pi (19)
Comparing the two previous results, note that
pi = pe − 1
2
ρv2 (20)
that is the pi-rotated Pitot tube gives the value of the difference between the
flow static and dynamic pressure.
Now, suppose we have these two measures m0 and mpi by this single channel
Pitot tube. From the system
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m0 = pe +
1
2
ρv2
mpi = pe − 1
2
ρv2 (21)
we can estimate the flow speed:
v =
√
2(m0 −mpi)
ρ
(22)
6 Pitot tube and Formula 1 cars
In the last years the formulas 1 have small Pitot tubes on the front nose for
a realtime acquisition of the car speed on the track. Usually, for acquiring
the value of the flow static pressure pe, these tubes have more than one hole
placed on an ideal circumference around the external wall of the first segment
of the L-shaped channel.
Figure 4: Pitot tubes on the front nose of some Formula 1 cars. Graphics by
Giorgio Piola ([5]).
In the 2007 season, some teams (as BMW-Sauber, Ferrari, Toyota, Williams)
have used high tubes with the upwind segment of the L-shaped channel placed
parallel to the track, that is parallel to the direction of the freestream. Some
other teams (as McLaren, Red Bull, Renault, Toro Rosso) instead have used
short tubes with the upwind segment parallel to the nose profile, that is
parallel to the direction of the flow on the boundary of the car shape. In the
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first case, the car speed v∞ can be directly computed by (16). In the second
case, the device gives the speed of the flow along the nose profile. Let be
{x, y} a cartesian system with x-axes parallel to the track and y = f(x) the
analytical expression of the nose-profile. If x0 is the x-position of the Pitot
tube, the device gives a speed vP related to v∞ by the relation
vP = v∞ cosα = v∞ cos (arctanf
′(x0)) =
= v∞
1√
1 + f ′2(x0)
(23)
Usually the geometrical position of the pitot on the nose is so that α is a
small angle, therefore we can consider the following Taylor series expansions:
f ′(x0) = tan (α) ≈ α
√
1 + t2 ≈ 1 + t
2
2
(24)
Then, from (23), the freestream speed, that is the speed car on the track,
can be express by
v∞ =
2 + α2
2
vP (25)
Note that, in this configuration, if one doesn’t consider tha value of the angle
α, even if very small, the car speed given by the Pitot device can be a little
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small than the real speed. For example, if α = 0.2 rad and vP is 300 km/h,
the real car speed computed by (25) is v∞ = 306 km/h. This is a significative
difference to be considered in a world as that of Formula 1.
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